PrfA is the major transcriptional activator of most virulence genes of Listeria monocytogenes. Its activity is modulated by a variety of culture conditions. Here, we studied the PrfA activity in the L. monocytogenes wild-type strain EGD and an isogenic prfA deletion mutant (EGDDprfA) carrying multiple copies of the wild-type prfA or the mutant prfA* gene (strains EGDDprfApPrfA and EGDDprfApPrfA*) in response to growth in brain heart infusion (BHI), Luria-Bertani broth (LB) or a defined minimal medium (MM) supplemented with one of the three phosphotransferase system (PTS) carbohydrates, glucose, mannose and cellobiose, or the non-PTS carbon source glycerol. Low PrfA activity was observed in the wild-type strain in BHI and LB with all of these carbon sources, while PrfA activity was high in minimal medium in the presence of glycerol. EGDDprfApPrfA*, expressing a large amount of PrfA* protein, showed high PrfA activity under all growth conditions. In contrast, strain EGDDprfApPrfA, expressing an equally high amount of PrfA protein, showed high PrfA activity only when cultured in BHI, and not in LB or MM (in the presence of any of the carbon sources). A ptsH mutant (lacking a functional HPr) was able to grow in BHI but not in LB or MM, regardless of which of the four carbon sources was added, suggesting that in LB and MM the uptake of the used PTS carbohydrates and the catabolism of glycerol are fully dependent on the functional common PTS pathway. The BHI culture medium, in contrast, apparently contains carbon sources (supporting listerial growth) which are taken up and metabolized by L. monocytogenes independently of the common PTS pathway. The growth rates of L. monocytogenes were strongly reduced in the presence of large amounts of PrfA (or PrfA*) protein when growing in MM, but were less reduced in LB and only slightly reduced in BHI. The expression of the genes encoding the PTS permeases of L. monocytogenes was determined in the listerial strains under the applied growth conditions. The data obtained further support the hypothesis that PrfA activity correlates with the expression level and the phosphorylation state of specific PTS permeases.
INTRODUCTION
Listeria monocytogenes is one of several species of the genus Listeria. These Gram-positive bacteria are frequently encountered in nature, mainly on plants and in soil. L. monocytogenes, the only Listeria species which is pathogenic for humans, causes severe systemic infections that include septicaemia, (encephalo)meningitis, stillbirth and others (Lorber, 1997) .
chromosomal island LIPI-1 (Chakraborty et al., 2000; Kreft et al., 2002) . The virulence gene products, which have been extensively studied Vázquez-Boland et al., 2001) , are essential for the intracellular life cycle of L. monocytogenes.
Most virulence genes are coordinately regulated at the transcriptional level by a master regulator protein, called positive regulatory factor A (PrfA) Hamon et al., 2006; Kreft & Vázquez-Boland, 2001) . A prfA deletion mutant is completely avirulent due to the failure to efficiently express the essential virulence genes.
PrfA belongs to the Crp/Fnr family of transcription activators and recognizes a 14 bp sequence of dyad symmetry (PrfA box) which is present within the promoter sequences of all known PrfA-regulated genes (Freitag et al., 1993; Lampidis et al., 1994; Sheehan et al., 1995) . A PrfAdependent promoter consists of a 210 box recognized by the sigma factor A (SigA). A 235 box is not required, but a distance of 21 or 22 bp between the 210 box and the PrfA box has been shown to be crucial for efficient transcription of the regulated genes Luo et al., 2004 Luo et al., , 2005 .
Expression of the prfA gene is regulated at both the transcriptional and the post-transcriptional level (Hamon et al., 2006) . In addition, the activity of the PrfA protein is modulated in response to culture conditions. Low PrfA activity is observed in L. monocytogenes growing in rich culture media such as brain heart infusion (BHI) and LuriaBertani broth (LB), and also in defined minimal medium in the presence of readily fermentable carbohydrates (Gilbreth et al., 2004; Milenbachs et al., 1997) that are transported by phosphoenolpyruvate (PEP) : phosphotransferase systems (PTSs).
PrfA activity is much higher in the presence of non-PTS carbon substrates such as glycerol (Joseph et al., 2008; Mertins et al., 2007) . High PrfA activity is also observed in L. monocytogenes replicating inside mammalian host cells (Renzoni et al., 1999) , where non-PTS carbon sources are used (Eylert et al., 2008; R. Stoll and others, unpublished results) . These data suggest a possible role of PTSs in the modulation of PrfA activity.
PTS permeases always consist of at least three subunits (EIIA, EIIB and EIIC, and in the case of mannose-PTS, an additional one, EIID), which represent either separate proteins encoded by separate genes (ptsA, ptsB, ptsC, ptsD) or a polypeptide containing the three domains encoded by a single gene (ptsABC). The EIIA components are always phosphorylated by HPr-HisP, which receives its energyrich phosphate from PEP via enzyme I (EI). EIIA-P transfers the phosphate to EIIB, from which it is subsequently transferred to the PTS sugar that is transported through the EIIC (EIID) channel.
Especially in Gram-positive bacteria, the two phosphorylated HPr components play a role in several regulatory processes, e.g. HPr-SerP is a major component of carbon catabolite repression (CCR) control, HPr-HisP likewise for the activation of PTS regulation domain (PRD) regulators and glycerol kinase by phosphorylation, etc. (Barabote & Saier, 2005; Deutscher et al., 2006; Postma et al., 1993) .
In Gram-negative bacteria, the EIIA Glc component of the glucose-specific PTS also has regulatory functions in CCR by controlling the level of cAMP in response to its phosphorylation state. Phosphorylated EIIA may also interact directly with regulators involved in induction of the catabolism of alternative carbohydrates, e.g. Mlc in the utilization of maltose (Nam et al., 2001) . Similar regulatory functions for EIIA have not yet been demonstrated in Gram-positive bacteria.
The interaction of PrfA with cofactors that modulate its activity is suggested by the existence of mutants generated by single amino acid exchanges at different positions in the PrfA protein which lead to permanently active PrfA proteins (termed PrfA*) that are no longer subject to modulation by environmental conditions (Mueller & Freitag, 2005; Ripio et al., 1997; Shetron-Rama et al., 2003; Vega et al., 1998 Vega et al., , 2004 Wong & Freitag, 2004) . Based on this finding and the structural similarity between PrfA and Crp (Lampidis et al., 1994) , it has been postulated that wild-type PrfA may be activated by (a) component(s) in a way similar to that by which the PrfA-related Crp (or CAP) factor of E. coli is activated by cAMP (Eiting et al., 2005; Kreft & Vázquez-Boland, 2001 ). However, cAMP-equivalent component(s) acting as positive effector(s) of PrfA in L. monocytogenes have not been identified.
On the other hand, in vitro transcription studies (LalicMülthaler et al., 2001; Luo et al., 2004; Mauder et al., 2006) have shown that purified PrfA protein is able to activate the transcriptional start at all studied PrfA-dependent promoters in a dose-dependent manner almost as efficiently as purified PrfA* in the absence of an additional cofactor. Although we are aware that such in vitro transcription systems may not necessarily reflect the in vivo situation, these in vitro data suggest that PrfA activity may be modulated in vivo by negatively acting factor(s), at least in addition to positively acting co-factor(s). A similar conclusion has also been reached in studies performed by Ermolaeva et al. (2004) .
To further characterize the PrfA-modulating culture conditions and to provide further evidence for the existence of component(s) that modulate PrfA activity, we studied the PrfA activity in the L. monocytogenes wild-type strain EGD (carrying a single autoregulated prfA gene on the chromosome) and in an isogenic prfA deletion mutant carrying multiple copies of the prfA or prfA* gene. The latter strains produce constant high amounts of PrfA and PrfA* protein, respectively, upon growth in different culture media, but the PrfA*-producing strain is expected to exhibit high PrfA activity under all conditions, while the activity in the PrfA-producing strain (like that in the wildtype strain) should still be modulated in response to the applied culture conditions. The data reported here show that the PrfA activity is strongly modulated by the culture conditions, especially by the carbon sources used and the cellular PrfA protein concentration. The results obtained can best be interpreted by the assumption that the PrfA activity is linked to the phosphorylation state of specific PTS permeases.
METHODS
General techniques. PCR amplifications and cloning procedures were carried out according to standard procedures (Sambrook & Russell, 2001) . Cellular protein extracts and supernatant proteins were isolated at OD 600 0.8 as described by Mertins et al. (2007) . Total protein concentration was determined with the Bio-Rad Protein Microassay. SDS-PAGE was performed with 5 mg protein according to standard protocols (Laemmli, 1970) . L. monocytogenes PrfA, ActA, LLO and InlC were detected by Western blotting using Listeriaspecific rabbit polyclonal antibodies (Mertins et al., 2007) .
Bacterial strains and plasmids. The L. monocytogenes strain EGD used in this study was provided by S. H. E. Kaufmann (Max-PlanckInstitut für Infektionsbiologie, Berlin, Germany) and the prfA deletion mutant (EGD DprfA) was constructed by Böckmann et al. (1996) . Construction of EGDDprfApPrfA and EGDDprfApPrfA* has been described by Marr et al. (2006) , while the EGDDprfA6pERL3 strain (used as a control in several experiments) was constructed in this study. The L. monocytogenes wild-type strain EGD-e is a derivative of EGD and was provided by T. Chakraborty, Justus-Liebig University, Giessen, Germany.
Media and growth conditions. L. monocytogenes strains were grown under aerobic conditions in BHI (BD Biosciences, contains 2 g glucose l 21 ), LB [contains 10 g l 21 Tryptone (Oxoid), 10 g NaCl l 21 , 5 g l 21 Bacto Yeast extract (BD Biosciences)] or a defined minimal medium [MM; MM equates to modified Welshimer's broth (MWB) without any additional carbon source (Premaratne et al., 1991) ] supplemented with different sugars at 37 uC. Glucose, mannose, cellobiose and glycerol were added to the media as filter-sterilized stock solutions at a final concentration of 50 mM. Plasmid-containing strains were cultured in the presence of 5 mg erythromycin ml 21 . Overnight culture from BHI was washed with PBS and diluted 1 : 100 in the growth medium.
To measure bacterial growth, aliquots were removed at regular intervals and the OD 600 was determined. The pH of the growth media was adjusted to pH 7.0 and was not altered at the time when the bacteria were harvested. All growth experiments were performed at least three times independently, and the figures show representative results of the three replicates.
Determination of haemolytic activity. L. monocytogenes strains were grown in the described media at 37 uC to OD 600 0.8. The haemolytic activity in the supernatants was determined as described elsewhere (Geoffroy et al., 1991; Ripio et al., 1996) . Briefly, 50 ml culture supernatant was incubated in 1 ml 4 % horse erythrocyte suspension for 30 min at 37 uC; after centrifugation at 2,500 r.p.m. for 5 min at room temperature, the released haemoglobin was measured at OD 543 using an Ultrospec 2100 Pro photometer (Amersham). Haemolytic activity was determined in three independently performed experiments; error bars indicate SDs of the means for the three experiments.
RNA isolation. RNA from the L. monocytogenes strains grown to OD 600 0.8 was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer's protocol. Residual DNA was removed on a column with RNase-free DNase (Qiagen).
Microarray hybridization and data analysis. Transcriptome analyses were performed using special PTS microarrays and wholegenome DNA microarrays, as described in Marr et al. (2006) . The PTS microarrays contained for all PTS genes, prfA and the PrfAdependent virulence genes the same 70-mer oligodeoxyribonucleotides as the whole-genome microarrays and an additional oligonucleotide for each characterized PTS gene. The oligonucleotides (Operon Co.) were spotted on epoxy-coated glass slides from BFBIOlabs Schneider und Zeltz. Each oligonucleotide was spotted three times on a slide to generate three replicates for each nucleotide and six replicates for each ORF.
A total of three independently isolated RNA samples from each condition were used for the analysis. cDNA labelling and hybridization were performed as described by Mertins et al. (2007) . The PTS slides were hybridized according to the manufacturer's protocol (BFBIOlabs). The slides were scanned using a ScanArray HT array plate scanner and analysed using the ScanArray Express software (PerkinElmer). Spots were flagged and eliminated from analysis when the signal-to-noise ratio was less than three or in obvious instances of high background or stray fluorescent signals. The TOTAL method of normalization (Yang et al., 2002) was applied for determining the background-corrected median intensity of the spots. The normalized ratios were analysed further with Microsoft Excel and SAM (significance analysis of microarrays) software for statistical significance (Tusher et al., 2001) . Genes whose expression values were .2.0 or ,0.5 were considered to be differentially regulated. The data are listed in Tables  1-3 and the complete list of the differentially regulated genes of the whole-genome slides is available in Supplementary Table S1 .
Real-time RT-PCR. Real-time RT-PCR was conducted as described previously with total RNA isolated independently from that used for transcriptome analysis experiments.
RESULTS

Growth of L. monocytogenes strain EGD in different culture media
To systematically analyse the modulation of PrfA activity in L. monocytogenes in response to different culture media, carbon sources and PrfA concentrations, we used the wildtype strain EGD and an isogenic prfA deletion mutant supplemented with a multicopy plasmid (about 50 copies per bacterial cell) carrying either the prfA or the prfA* gene [the latter carries a mutation in prfA leading to a G145S exchange (Ripio et al., 1997) ]. The wild-type strain contains a single auto-regulated chromosomal prfA gene (Leimeister-Wächter et al., 1990) . Although the prfA and prfA* genes on the plasmids pPrfA and pPrfA* carried by the EGDDprfA mutant are transcribed by the weak constitutive promoter PprfA1 and the sigma B-regulated promoter PprfA2, the amount of PrfA or PrfA* protein in the listerial cell is high due to the high number of plasmid copies and is similar for the two proteins (see below).
For culturing the three listerial strains we used BHI, LB and a defined MM (Premaratne et al., 1991) .
As shown in Figs 1 and 3(a) , L. monocytogenes EGD grew readily in BHI, while listerial growth in LB was poor in the absence of glucose. No growth was observed in MM in the absence of glucose and in MM media with Casamino acids 
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(data not shown), indicating that amino acids cannot serve as carbon sources. A ptsH insertion mutant (Mertins et al., 2007) , which lacks functional HPr, a protein involved in the common PEP : PTS pathway (Vadeboncoeur et al., 2000) and hence essential for PTS-dependent uptake of glucose and other carbohydrates, could still grow in BHI (albeit at a reduced rate) but not in LB or MM, even when these media were supplemented with 50 mM glucose (Fig.  1) . These data suggest that growth of L. monocytogenes in BHI is only partially dependent on PTS carbohydrates, while the limited growth in LB without glucose is also mediated by PTS sugar(s). The failure of the ptsH mutant to grow in LB or MM in the presence of 50 mM glucose (even after long incubation times of up to 48 h) further suggests that no other functional glucose uptake system exists in L. monocytogenes EGD. The two genes (lmo0169 and lmo0176) encoding putative glucose permeases which have been annotated in the genome sequence of L. monocytogenes EGD-e (Glaser et al., 2001) do not seem to be functional under the applied growth conditions. PTSindependent glucose permeases may, however, be active in other L. monocytogenes strains (Parker & Hutkins, 1997 ).
In the experiments described below, bacterial samples were always taken at a fixed time point in the exponential growth phase (OD 600 0.8) at which bacterial growth is probably still in a balanced state in most instances (see below). PrfA activity was determined (a) by measuring the haemolytic activity of the secreted listeriolysin O [LLO; encoded by the PrfA-controlled hly gene; the low expression of LLO due to a weak PrfA-independent promoter (Domann et al., 1993) does not influence these assays] and (b) by determining the amounts of various PrfA-dependent gene products (mainly ActA and InlC).
PrfA activity strongly depends on the amount of PrfA protein in BHI-grown L. monocytogenes EGD and is hardly influenced by additional carbon substrates As shown in Fig. 2(a) , L. monocytogenes EGD grew in BHI at a generation time of 40 min that was not significantly altered by the addition of 50 mM glucose, mannose, cellobiose or glycerol. PrfA activity was low in BHI without additional carbon sources and further reduced in the presence of cellobiose. Addition of glucose, mannose and glycerol to the BHI medium had no significant effect on PrfA activity as determined by the amount of PrfA, the PrfA-dependent gene products InlC and ActA (Fig. 2c, d ), and the haemolytic activity (Fig. 2b) .
The two strains EGDDprfApPrfA and EGDDprfApPrfA* produced at least 10-fold larger amounts of PrfA (PrfA*) protein than the wild-type strain (Fig. 2c) , but grew in BHI at slightly lower rates (generation time~50 min) than the wild-type strain (generation time~40 min) (Fig. 2a) , which is in accord with previous findings (Marr et al., 2006) . Not only the amount of PrfA protein but also the PrfA activity in strain EGDDprfApPrfA was similar to those in EGDDprfApPrfA*, as indicated by the equally large amounts of the PrfA-dependent gene products ActA and InlC and the similarly high haemolytic activities (determined by the PrfA-dependent hly gene) (Fig. 2b, c) .
The presence of additional glucose, mannose, cellobiose or glycerol (50 mM) did not significantly alter the PrfA activity in EGDDprfApPrfA or EGDDprfApPrfA* grown in BHI.
These data suggest that the high PrfA concentration in EGDDprfApPrfA but not the low PrfA concentration in the wild-type strain may titrate out possible PrfA-inhibitory component(s).
PrfA activity is strongly inhibited in LB media even when L. monocytogenes expresses high levels of PrfA protein Growth of L. monocytogenes EGD in LB medium without an additional carbon source was somewhat restricted and the bacterial cell density never exceeded OD 600 0.6. However, efficient growth was readily achieved upon addition of glucose, mannose, cellobiose or glycerol (Fig.  3a) . Under these conditions the EGD wild-type strain replicated at rates similar to those in BHI. PrfA activity in LB was very low in the presence of glucose, mannose, cellobiose and even glycerol, as indicated by the low amounts of ActA and InlC and the low haemolytic activity (Figs 3b, c) .
Compared with that of the EGD wild-type strain, the growth of EGDDprfApPrfA and especially of EGDDprfApPrfA* was more strongly slowed down in LB with glucose, mannose, cellobiose or glycerol than in BHI supplemented with the same carbon sources (Fig. 3a) , which is again probably due to the presence of a large cellular PrfA (PrfA*) concentration (Marr et al., 2006) .
Equally high amounts of PrfA and PrfA* protein were again observed in the two strains, EGDDprfApPrfA and EGDDprfApPrfA*, under these growth conditions (Fig. 3c) . As expected, the PrfA activity of strain EGDDprfApPrfA* was again high under all conditions. However, the PrfA activity in strain EGDDprfApPrfA remained almost as low as that in the wild-type strain in the presence of glucose, mannose and cellobiose. Even in the presence of glycerol, only a slightly higher PrfA activity was observed in EGDDprfApPrfA than in the wild-type strain [as indicated by the rather low amounts of the PrfA-dependent gene products ActA and InlC and the low haemolytic activity in EGDDprfApPrfA, which were only slightly higher than those of the EGD wild-type strain (Fig. 3b, c) ].
No significant changes in the pH values of the BHI and LB media were observed at the time the bacteria were harvested, excluding a possible effect of altered pH values on the PrfA activity. The data therefore rather suggest that the LB medium (more than the BHI medium) contains component(s) that strongly inhibit(s) PrfA activity or that listerial growth in LB leads to the generation of such component(s).
In minimal medium, a high cellular PrfA protein concentration leads to decreased PrfA activity and strong growth inhibition Finally, we used a defined minimal medium (Premaratne et al., 1991) supplemented with glucose, mannose, cellobiose or glycerol. The EGD wild-type strain grew at similar rates with glucose, mannose and cellobiose; these growth rates were, however, considerably lower (generation time~1 00 min) than those observed in BHI and LB supplemented with the same sugars (~40 min). In the presence of glycerol, the growth rate was further reduced (~110 min) (Fig. 4a) .
Both the amount of PrfA protein and the PrfA activity of the EGD wild-type strain were very low upon growth in cellobiose-containing MM, but considerably higher in the presence of glucose, and particularly in the presence of glycerol (Fig. 4b, c) .
Compared with the EGD wild-type strain, the growth rates of EGDDprfApPrfA and EGDDprfApPrfA* were strongly decreased in MM in the presence of all four carbon sources (generation times about 220, 200, 235 and 210 min, respectively) (Fig. 4a) .
The amounts of PrfA and PrfA* protein in EGDDprfApPrfA and EGDDprfApPrfA* were again high, as expected. The strain EGDDprfApPrfA* again showed the expected high PrfA activity (Fig. 4c) . The PrfA activity in strain EGDDprfApPrfA was not enhanced but rather reduced in the presence of glucose, mannose and glycerol compared with the wild-type strain (Fig. 4b, c) , in spite of the elevated PrfA protein concentration in EGDDprfApPrfA.
These data indicate that in MM, as in LB medium, the PrfA activity in the presence of the three PTS sugars and even of glycerol does not correlate with the amount of PrfA protein as it does in BHI medium.
Expression of the PTS-determining genes in L. monocytogenes grown in the different culture media
Our previous studies (Mertins et al., 2007) suggested that PrfA activity depends on the expression and phosphorylation state of the PTS permeases responsible for the carbohydrate uptake. The phosphorylation state of a PTS is expected to be low during active transport of the corresponding carbohydrate, since this phosphate will be transferred to the carbohydrate. A high phosphorylation state of a PTS is expected when no sugar transport takes place. We therefore analysed a possible correlation between PTS and PrfA activity in L. monocytogenes EGD by measuring the transcription of prfA, the PrfA-controlled genes and of all PTS genes upon growth of L. mono- cytogenes in BHI, LB and MM (each medium supplemented with 50 mM glucose). For this goal we used a specifically designed microarray which contains specific oligonucleotides for prfA and the PrfA-controlled genes and two for each of the annotated PTS genes (Glaser et al., 2001) . For details concerning this microarray, see Methods. RNAs were isolated from L. monocytogenes EGD again grown to OD 600 0.8.
The comparison of the transcript profiles from BHI-and LB-grown L. monocytogenes showed a considerably higher expression of prfA and all PrfA-controlled genes in BHIthan in LB-grown bacteria (Table 1 ). Significant differences in the PTS gene transcripts were observed in particular for the genes encoding the mannose-specific PTS, i.e. PTS Man (lmo0781-0784) and PTS Man (lmo2000-2002 , and the fructose-specific PTS (lmo2335) (Glaser et al., 2001 ).
The comparison of the transcript profiles from MM-versus BHI-or LB-grown L. monocytogenes clearly showed a higher expression of prfA and all PrfA-dependent genes in L. monocytogenes grown in MM than in BHI or in LB. The most obvious differences in the expression of the PTS genes were the significantly lower expression of the genes encoding PTS Man (lmo0096-0098), PTS Man (lmo0781-0784) and of lmo1255 in MM-compared with BHI-and LB-grown L. monocytogenes (Table 1) .
Quantitatively, by far the highest-expressed PTS genes (on the transcriptional level) among the differentially expressed ones were those encoding PTS Man (lmo0096-0098), followed by the genes for PTS Man (lmo0781-0784) and components of the incomplete PTS, lmo2259 and lmo1255, while all other PTS genes were only poorly expressed [including those for PTS Man (lmo2000-2002) (data not shown)] when the bacteria grew in presence of glucose as carbon substrate (Fig. 5) . The gene rpoB (encoding the b-subunit of RNA polymerase), used as a control, was equally expressed in L. monocytogenes [at an efficiency similar to that of PTS Man (lmo0096-0098)] in all three culture media ( Table 1) .
The presence of a high cellular PrfA (PrfA*) protein concentration results in upregulation of genes for PTS Man (lmo0781-0784)
As shown above and in a previous study (Marr et al., 2006) , the growth rate of L. monocytogenes is significantly reduced in the presence of high cellular PrfA and PrfA* concentrations, especially when grown in MM. It was also shown that the rate of glucose uptake drops considerably under these conditions when glucose is used as carbon source (Marr et al., 2006) .
To test whether the high PrfA (PrfA*) concentration affects the expression of PTS genes, we compared the expression of these genes and of the PrfA-dependent genes in the strains EGDDprfApPrfA and EGDDprfApPrfA*, respectively, with that of the EGD wild-type strain. The RNAs for these analyses were isolated from the three listerial strains after growth to OD 600 0.8 in MM in the presence of 50 mM glucose, cellobiose or glycerol.
The results shown in Table 2 indicate that the expression of most PTS genes was unaltered compared with that of the wild-type strain in the presence of a high cellular PrfA protein concentration when grown in MM with glucose or cellobiose. In the presence of high PrfA*, the expression of these genes was generally even slightly lower. With glycerol as carbon source, more up-and downregulation of genes for several PTSs was observed, which may reflect the fact that these PTS genes are under CCR control, and CCR is relieved to a large extent in L. monocytogenes grown in the presence of glycerol (Joseph et al., 2008) .
The most significant difference in PTS gene expression between EGDDprfApPrfA or EGDDprfApPrfA* and the EGD wild-type strain was the upregulation of the genes for PTS Man (lmo0781-0784) observed when these strains were grown in MM with glucose, cellobiose and glycerol (Fig.  6a) . In MM supplemented with glycerol, there was also a significant upregulation of lmo2259 in both mutant strains, and of the genes for the cellobiose-specific PTS (PTS Cel ) (lmo2683-2685) in EGDDprfApPrfA, compared with the EGD wild-type strain in MM supplemented with glucose.
The genes for PTS Man (lmo0096-0098) were still the most highly expressed in all three strains in MM with glucose, but their expression was slightly downregulated in EGDDprfApPrfA (and especially in EGDDprfApPrfA*) compared with the EGD wild-type strain (Fig. 6a) .
When grown in MM with cellobiose as carbon source the genes for PTS Cel (lmo2683-2685) were the most highly expressed PTS genes in L. monocytogenes EGD. The presence of a high PrfA (PrfA*) concentration in the strains EGDDprfApPrfA and EGDDprfApPrfA* led to a slight (but significant) downregulation of the genes for this PTS (Fig.  6a) , which seems to be the most important PTS for the uptake of cellobiose by L. monocytogenes (R. Stoll and others, unpublished data). Haemolytic activity of L. monocytogenes EGD, EGDDprfApPrfA and EGDDprfApPrfA* grown in LB supplemented with the indicated carbon sources to OD 600 0.8. Haemolytic activity was determined as described in Fig. 2 . (c) Western blot analysis of PrfA and the PrfA-regulated virulence proteins InlC and ActA after growth in LB supplemented with the indicated carbon sources to OD 600 0.8 was performed as described in Fig. 2 . Densitometric analyses of the Western blots using ImageMaster Total Lab are shown on the right-hand side.
As expected, the comparative transcript profiles showed that the transcription of all PrfA-dependent genes in strain EGDDprfApPrfA* was high when this strain was cultured in MM, regardless of the carbon substrate added (Table 2 , Fig. 6b) . Unexpectedly, however, the high cellular concentration in strain EGDDprfApPrfA led to an even lower expression of the PrfA-dependent genes than in the EGD wild-type strain, which was most pronounced when this strain was cultured in MM with glucose and glycerol (Table 2, Fig. 6b ).
PrfA activity in L. monocytogenes EGD is significantly higher than in L. monocytogenes EGD-e, and this difference correlates with a lower expression of PTS Man (lmo0781-0784) in EGD than in EGD-e
In the present study we used our original laboratory strain L. monocytogenes EGD and noticed in the course of the study that the haemolytic activity of the strain was reproducibly higher than that of the sequenced strain EGD-e (Glaser et al., 2001) . The sequences of the prfA genes in the two strains are identical (data not shown). However, the expression of PrfA-controlled genes and hence the PrfA activity in strain EGD was higher (Fig. 7a) than that reported in a previous study (Mertins et al., 2007) in which we had used the strain EGD-e. This was more directly shown by comparing the amounts of transcripts of some PrfA-dependent genes using RT-PCR with RNA from strains EGD and EGD-e grown in MM with glucose (Fig.  7b) . A similar observation has also been described in an earlier report by Brehm et al. (1999) .
To obtain a more general view of the difference between these two listerial strains we compared their transcript profiles in the presence of 50 mM glucose (growth to OD 600 0.8) using whole-genome microarrays and the PTS microarrays described above. In Table 3 , a comparison of the expression of prfA, the PrfA-controlled genes and the PTS genes in the two L. monocytogenes strains is shown. The amounts of transcripts for prfA and the PrfA-dependent genes were five to 10 times higher in strain EGD than in strain EGD-e, in agreement with the data shown above (Fig. 7a, b) .
Among the PTS genes, the most obvious difference was the lower expression of the genes for PTS Man (lmo0781-0784) and PTS Cel (lmo2683-2685 in EGD compared with EGD-e (Table 3) . There were also a number of other genes that were mainly downregulated in EGD compared with EGDe, but most of their products are unknown (see Supplementary Table S1 ).
Thus again, the higher expression of PTS Man (lmo0781-0784) and PTS Cel (lmo2683-2685 correlates with the lower expression of PrfA-regulated genes in strain EGD-e, suggesting a lower PrfA activity in this strain compared with strain EGD when cultured in MM with glucose.
DISCUSSION
The virulence of L. monocytogenes is highly dependent on the activity of PrfA, as this transcriptional regulator activates the transcription of most virulence genes in this pathogen. The PrfA activity is modulated in response to growth conditions, and rich culture conditions in general strongly inhibit PrfA activity (Kreft & Vázquez-Boland, 2001). Since this inhibitory effect is relieved by the addition of activated charcoal to the culture media (Ripio et al., 1996) or by the amberlite XAD-4 (Rauch, 2003) , it has been suggested that components(s) released during the growth of L. monocytogenes in these media may be responsible for the inhibition of PrfA activity or may counteract a putative PrfA-activating factor .
On the other hand, we were recently able to show that purified PrfA protein, regardless of whether it was isolated from L. monocytogenes grown under conditions that caused low or high PrfA activity in vivo, had almost the same activity to promote transcription at PrfA-dependent promoters in vitro as the constitutively active PrfA* protein (Luo et al., 2004; Mauder et al., 2006) . These data suggest either that PrfA does not require an activating factor or that this factor is so tightly bound to PrfA that it is not removed during the isolation procedure. These and other data clearly indicate that in addition to possible PrfA-activating factor(s), the PrfA activity is modulated in vivo by factor(s) that inhibit its activity. The binding to this hypothetical inhibitory factor must be non-covalent (and probably weak), since the isolation procedure apparently removes it from PrfA.
None of the PTS sugars cellobiose, glucose or mannose, which cause inhibition of PrfA activity in the order cellobiose..glucose.mannose when used as carbon sources (Brehm et al., 1999) , nor the metabolites generated by the catabolism of these PTS carbohydrates, inhibits PrfAdependent transcription in vitro directly (S. Müller-Altrock, unpublished results). Likewise, none of the components involved in the common PTS pathway (EI, HPr, HPr-His-P) or in catabolite repression control (CcpA, HPr-Ser-P) shows a direct inhibitory or activating effect on PrfA activity in vivo or in vitro (Behari & Youngman, 1998; Herro et al., 2005; Mertins et al., 2007; Milenbachs et al., 1997) .
Our recent data (Joseph et al., 2008; Mertins et al., 2007) rather suggest that the phosphorylation state of the PTS permeases required for the uptake of the above-mentioned carbohydrates seems to correlate with the PrfA activity. Based on these data we proposed a model (Joseph et al., 2008) which assumes that the unphosphorylated PTS permease (which is the principal state during active sugar transport, as the phosphate group is transferred to the sugar) may inhibit PrfA activity, possibly by binding directly to PrfA. The phosphorylated PTS permease (the principal state in the absence of sugar transport) may either activate PrfA or release this transcription factor from the inactive PTS/PrfA complex, and the released PrfA becomes transcriptionally active. Similar interactions with components of the glucose-specific PTS permease and another global transcriptional regulator Mlc have been described in E. coli (Nam et al., 2001 ).
The already reported (Joseph et al., 2008; Mertins et al., 2007) and the present data do not allow definite conclusions to be drawn about whether PrfA interacts with the EIIA or the EIIB component of the PTS permease, both of which can be phosphorylated (Deutscher et al., 2006) . In the following discussion we will therefore use the more general designation of a 'phosphorylated' and 'unphosphorylated' state of the PTS permease. To further test the proposed model of PrfA modulation, we analysed in the present study the PrfA activity and the expression of PTS in the wild-type strain L. monocytogenes EGD (carrying a single copy of the prfA gene on the chromosome whose expression is auto-regulated; Mengaud et al., 1991) and in isogenic mutant strains which lack the chromosomal prfA gene but harbour instead multiple prfA (or prfA*) gene copies. The transcription of prfA (prfA*) in the two latter strains is under the control of the constitutive P1 promoter, and due to the high number of prfA (prfA*) gene copies, both strains produce similarly large amounts of wild-type PrfA (that can be modulated in its activity) or PrfA* protein (that is constitutively active). According to the above model it is expected that a high cellular concentration of the wild-type PrfA (and possibly even of PrfA*) would block the PTS function by binding to unphosphorylated PTS. Indeed, growth inhibition of L. monocytogenes strains overexpressing PrfA or PrfA* has been observed previously (Marr et al., 2006) and in the present study, and a direct inhibition of PTS-mediated glucose uptake by a high cellular PrfA (PrfA*) concentration has also been shown previously (Marr et al., 2006) .
As culture media for growth of these strains we used BHI, LB and a defined MM (Premaratne et al., 1991) , supplemented with the PTS sugars glucose, mannose and cellobiose, or the non-PTS carbon source glycerol. PrfA activity and the transcript profiles of the genes encoding PTS permeases were determined in bacteria that were always grown to a similar exponential-phase (and probably still balanced) growth state, in which active transport takes place of the carbon substrate used.
In BHI (widely used for growth of L. monocytogenes in molecular studies), PTS carbohydrates do not seem to be the only (and are probably not even the major) carbon substrates for growth of L. monocytogenes EGD, since a ptsH mutant (unable to take up such sugars due to the lack of functional HPr; Mertins et al., 2007) is still able to grow in BHI. The growth rate of the ptsH mutant is, however, reduced in BHI compared with the wild-type strain, suggesting that besides undefined carbon sources, PTS sugars (probably glucose, mannose and fructose; R Stoll and others, unpublished observations) and/or other metabolic reactions which depend on the common PTS pathway contribute to listerial growth. Growth in BHI leads to low PrfA activity in the wild-type strain but to high activity in the two strains EGDDprfApPrfA and EGDDprfApPrfA*, which produce equally high amounts of PrfA and PrfA* protein, respectively. Addition of the PTS sugars glucose, mannose and cellobiose or of glycerol does not change the PrfA activity significantly in any of the listerial strains grown in BHI.
In LB medium, L. monocytogenes EGD shows only very limited growth and the ptsH mutant is entirely unable to grow in LB, suggesting that even this limited growth without an additional carbon source is due to carbon substrate(s) whose uptake depends on the common PTS pathway. LB supplemented with any of the four carbon sources allows growth of the EGD wild-type strain (with an efficiency similar to that of BHI) but not of the ptsH mutant. Growth in LB supplemented with the three PTS sugars causes low PrfA activity in the EGD wild-type strain. The PrfA activity in strain EGDDprfApPrfA is only slightly increased, while the PrfA* activity is high in strain EGDDprfApPrfA*, as expected. Even in the presence of glycerol as carbon source the PrfA activity in the wild-type strain and in EGDDprfApPrfA is only slightly (but reproducibly) higher than in the presence of the other PTS sugars.
L. monocytogenes grows in the MM used only when suitable carbon sources are added (Premaratne et al., 1991; Tsai & Hodgson, 2003) . Growth in MM with glucose, mannose and especially glycerol leads to considerably higher PrfA activity in the wild-type strain than growth in BHI or LB with the same carbon substrates. Growth in MM with cellobiose still results in low PrfA activity. Fig. 7 . PrfA activity of the strains L. monocytogenes EGD and EGD-e after growth to OD 600 0.8 in MM with 50 mM glucose measured by: (a) the haemolytic activity of the two strains, which was determined as described in Fig. 3 ; and (b) the relative amounts of the transcripts of prfA and the PrfA-dependent genes actA, hly, plcB and plcA, which were determined by RT-PCR using three independently isolated RNA preparations (each in duplicate). The values given represent mean values of these six assays; SDs are indicated. The relative transcript concentrations were again normalized to the housekeeping gene rpoB, as described elsewhere (Milohanic et al., 2003; Sue et al., 2004) .
However, in EGDDprfApPrfA, the high PrfA protein concentration causes a reduction rather than an increase of PrfA activity compared with the wild-type strain when grown in MM in the presence of glucose, mannose or glycerol, whereas the high cellular PrfA* concentration in EGDDprfApPrfA* again leads to the expected high PrfA activity.
The L. monocytogenes genome contains genes that encode up to 32 complete or incomplete PTSs belonging to different categories (Barabote & Saier, 2005; Glaser et al., 2001; Nguyen et al., 2006) . A complete PTS-G, which is responsible for the uptake of glucose in many bacteria (Barabote & Saier, 2005) , is however missing in this strain.
The reported transcriptome analyses show that L. monocytogenes EGD grown in BHI, LB or MM in the presence of glucose expresses mainly the genes that encode the two mannose-specific PTSs [PTS Man (lmo0096-0098) and PTS Man (lmo0781-0784)]. These PTSs appear to be the major glucose uptake systems in L. monocytogenes (Dalet et al., 2001; Xue & Miller, 2007; R Stoll and others, unpublished results) . In addition, the genes encoding EIIBC for a b-glucoside-specifc PTS (lmo1255) and EIIA for a cellobiose-specific PTS (lmo2259) are also expressed (at lower levels). The genes for all other PTSs are not transcribed or very poorly transcribed under these growth conditions.
Assuming that the level of transcripts of the PTS genes parallels the amount of PTS in the listerial cell, the data show that in the presence of glucose, the two PTS Man are the major functional PTSs in L. monocytogenes growing in BHI, LB and MM.
The data reported show, however, that the concentrations of the two PTS Man and the PrfA activity vary significantly in the wild-type EGD strain and in EGDDprfApPrfA grown in the three media.
In the presence of cellobiose (studied in MM only), the expression of these two PTS Man is strongly downregulated, but at the same time the PTS Cel (lmo2683-2685) is highly upregulated.
In MM with glycerol the expression of the two PTS Man and of the major PTS Cel (lmo2683-2685) is strongly downregulated compared with growth in the presence of glucose and cellobiose, respectively. However, the transcription of several other (mainly CCR-controlled) PTSs [e.g. PTS (lmo0298-0299) or PTS (lmo2096-2098)] is induced, probably due to the partial relief of CCR in glycerol-grown L. monocytogenes (Joseph et al., 2008) . Although no PTS permease is directly involved in glycerol uptake, HPr-HisP, which phosphorylates the PTS permeases, is also required for the activation of glycerol kinase (GlpK) of L. monocytogenes (Joseph et al., 2008) , as in B. subtilis (Darbon et al., 2002) . Hence, active glycerol metabolism may indirectly influence the phosphorylation state of the PTS expressed in glycerol-grown bacteria.
Assuming that a PTS will be mainly in the nonphosphorylated state during active transport of its specific carbohydrate and in a phosphorylated state in the absence of this carbohydrate, the PrfA activity observed under the described conditions seems to correlate to the amount and the phosphorylation state of the major PTSs for glucose and cellobiose. These are are PTS Man (lmo0096-0098) and PTS Man (lmo0781-0784) for glucose, and PTS Cel (lmo2683-2685) for cellobiose. Hence, the results presented here appear to be also in accord with our model for PrfA modulation (Joseph et al., 2008) , which postulates that the PrfA activity is determined by the cellular concentration and phosphorylation state of the major PTSs involved in glucose/mannose and cellobiose transport (for a more detailed discussion of this aspect, which describes, albeit on a still rather speculative basis, the probable connection between PrfA activity, the level of expression of these major PTSs and their phosphorylation state under the various growth conditions, see the Supplementary Material).
Our model is also in line with the observation that L. monocytogenes EGD-e shows, for as yet unknown reasons, a greater than 10-fold higher expression of PTS Man (lmo0781-0784) and PTS Cel (lmo2683-2685), and a correspondingly lower PrfA activity than the strain EGD used in this study.
We are aware that further work is needed to directly demonstrate the postulated interactions between PrfA (PrfA*) and the specific PTS permeases, and are currently concentrating on such biochemical studies.
